Introduction
============

Interferons (IFNs) are a family of cytokines widely expressed by host cells in response to viral infections.^[@bib1],\ [@bib2],\ [@bib3]^ On the basis of their structures and functions, they are classified into two main types: type I IFNs (for example, α, β, ɛ, κ, ω and δ) and type II IFN (only IFNγ).^[@bib1]^ In addition to controlling viral infections, some type I IFNs have been used in clinical settings for treating leukemia and melanoma;^[@bib4]^ however, their application has been limited due to their short half-life in circulation and severe side effects induced by high dosages. To overcome these limitations, various efforts have been made to find delivery vehicles that allow specific tumor targeting and controlled release strategies.

Mesenchymal stromal cells (MSCs), a heterogeneous cell population originally identified from bone marrow, are believed to be a promising stem cell population for clinical applications on account of their differentiation potential and their powerful immunosuppressive capacities. MSCs can be strongly immunosuppressive in the presence of IFNγ and TNFα^[@bib5]^ however, the immunosuppressive effect of MSCs is plastic, depending on the tissue microenvironmental inflammation status. Our previous studies showed that following high dosages of inflammatory cytokines, mouse MSCs were immunosuppressive by producing large amount of nitric oxide (NO) and chemokines, which attract immune cells to the vicinity of MSCs. When exposed to low levels of inflammatory cytokines, MSCs failed to suppress immune responses due to insufficient NO production. However, the low levels of chemokines produced under these conditions actually enhanced immune responses through recruitment of immune cells.^[@bib6]^ MSCs also exhibit differential responses to various inflammatory cytokines; for example, IL-17A enhances MSC-induced immunosuppression, while TGFβ reverses it.^[@bib7],\ [@bib8],\ [@bib9],\ [@bib10]^ In fact, in the inflammatory sites, the amount of many cytokines varies and thus further efforts are needed to define how different inflammatory cytokines regulate the immunosuppressive properties of MSCs.

MSCs can specifically migrate to inflammatory sites, such as wounds and tumors, where a variety of inflammatory cytokines exist.^[@bib11],\ [@bib12]^ MSCs from bone marrow have been shown to be an important component of the tumor microenvironment, assisting tumor escape from immunosurveillance.^[@bib12]^ Taking advantage of their tropism for inflammatory sites, MSCs engineered to secrete IFNα or IFNβ have been employed to deliver IFNs to the tumor site.^[@bib5],\ [@bib13],\ [@bib14]^ Owing to their continuous release of IFNs, these MSCs exhibited a dramatic anti-tumor effect, in an adaptive immunity-dependent manner.^[@bib14]^ The interesting question is how type I IFNs affect the immunosuppressive property of MSCs, and whether type I IFN-secreting MSCs could have a direct role in modulating tumor growth through their immunosuppressive capacity, in addition to secreting IFNs.

In this study, we found that IFNα could not induce NO production in MSCs, even in the presence of TNFα. Unexpectedly, IFNα reversed the immunosuppressive effects of MSCs induced by IFNγ and TNFα. Further studies showed that in MSCs, IFNα decreased inducible NO synthase (iNOS) expression via promoting the switch from signal transducer and activator of transcription 1 (Stat1) homodimers to Stat1-Stat2 heterodimers and inhibiting the binding of Stat1 to iNOS promoter. On the other hand, IFNα did not affect chemokine expression in inflammatory cytokine-activated MSCs. Although MSCs alone have a little promotion on tumor growth, IFNα-secreting MSCs dramatically inhibited tumor growth, even more dramatically than high dose of recombinant IFNα, an effect that was exerted through inhibiting iNOS expression. Therefore, our study revealed the effects of IFNα on the immunosuppressive property of MSCs, providing important new concepts for designing better clinical protocols to regulate the immune response to tumors using MSCs.

Results
=======

IFNα acts synergistically with MSCs to inhibit tumor growth
-----------------------------------------------------------

IFNα/β-secreting MSCs have been shown to be effective in treating several mouse tumor types.^[@bib5],\ [@bib13],\ [@bib14]^ To demonstrate the detailed anti-tumor mechanism, we studied the effects of IFNα-secreting MSCs (MSC-IFNα) in the B16 mouse melanoma model. C57BL/6 mice were inoculated intramuscularly with a mixture of B16F0 cells with MSC-IFNα or MSC-GFP control. Previous studies of our laboratory have demonstrated that in the presence of inflammatory cytokines, including IFNγ and TNFα, in tumor microenvironment, MSCs become strongly immunosuppressive by releasing large amounts of NO.^[@bib6],\ [@bib15]^ As expected, MSC-GFP exhibited only a slight promotion in tumor growth ([Figure 1a](#fig1){ref-type="fig"}). However, this minor tumor promoting effect of MSC-GFP was diminished in NOD-SCID mice ([Figure 1b](#fig1){ref-type="fig"}). This result indicates that the host immune system is required for the observed tumor promoting effect of MSCs. On the other hand, we found that MSC-IFNα dramatically inhibited tumor growth, while IFNα protein, even at a high dosage (5 μg), inhibited tumor growth to a much lesser extent ([Figure 1a](#fig1){ref-type="fig"}). It suggests that, in addition to the direct anti-tumor effect of IFNα, MSCs also significantly contributed to the anti-tumor effect in the presence of IFNα. To directly define the anti-tumor effect of MSCs in the presence of IFNα, we primed MSCs with recombinant IFNα for 24 h. Cytokines were washed away before MSCs were intramuscularly co-injected with B16F0 melanoma cells. Interestingly, MSCs primed with IFNα also significantly inhibited tumor growth ([Figure 1c](#fig1){ref-type="fig"}). Therefore, IFNα and MSCs act in concert to inhibit tumor growth.

Distinct effect of IFNα and IFNγ in inducing NO production in MSCs
------------------------------------------------------------------

Our previous studies have shown that NO is the effector molecule that mediates the immunosuppressive property of mouse MSCs in the presence of IFNγ and TNFα.^[@bib5]^ As IFNα shares the main components of its signaling pathway with IFNγ,^[@bib2]^ we hypothesized that IFNα could also enable the immunosuppressive properties of MSCs. We thus checked whether IFNα could induce NO production by MSCs in combination with TNFα. Unexpectedly, we found that IFNα could not replace IFNγ in inducing NO production by MSCs ([Figure 2a](#fig2){ref-type="fig"}, left panel), even though, both IFNα and IFNγ could upregulate the expression of MHC class I molecules K^b^D^b^ in MSCs ([Figure 2b](#fig2){ref-type="fig"}). Notably, both IFNα and IFNγ induced NO production in the presence of TNFα in bone marrow-derived macrophages ([Figure 2a](#fig2){ref-type="fig"}, right panel). To verify that both IFN types signal properly in MSCs, we also checked the expression and activation of Stat1, the common downstream transcription factor of the IFN signaling pathway. As shown in [Figure 2c](#fig2){ref-type="fig"}, IFNα increased and activated Stat1 to the same level as IFNγ. We also examined the expression of iNOS, which converts [l]{.smallcaps}-arginine into NO. Consistent with the absence of NO, iNOS protein was also not induced in MSCs upon stimulation with IFNα and TNFα ([Figure 2c](#fig2){ref-type="fig"}). Thus, IFNα did not induce an immunosuppressive effect in MSCs.

Type I IFNs reverse the immunosuppressive effect of MSCs
--------------------------------------------------------

To investigate the effect of type I IFNs on cytokine-induced, MSC-mediated immunosuppression, recombinant IFNα was added to a coculture system of MSCs with splenocytes activated by anti-CD3 and anti-CD28. Surprisingly, the addition of IFNα completely reversed the immunosuppressive effect of MSCs on activated splenocytes ([Figure 3a](#fig3){ref-type="fig"}). It is noteworthy that the proliferation of activated splenocytes was not affected by IFNα, indicating the reversion of splenocyte proliferation in coculture system was not due to changes in T cells but through modulating the immunosuppressive effect of MSCs. IFNβ, another member of type I IFNs, showed a similar effect as IFNα ([Figure 3b](#fig3){ref-type="fig"}). To verify the effect of type I IFNs on MSC-mediated immunosuppression, we further tested the immunosuppressive effects of IFNα-secreting MSCs.^[@bib14]^ MSC-IFNα cells were cocultured with resting or activated splenocytes. Interestingly, unlike wild-type MSCs in [Figure 3a](#fig3){ref-type="fig"}, MSC-IFNα lost the ability to inhibit the proliferation of activated splenocytes ([Figure 3c](#fig3){ref-type="fig"}). These results showed that the immunosuppressive effect of MSCs could be abolished by IFNα.

Differentiated MSCs are reported to have impaired immunosuppressive properties.^[@bib16]^ As various cytokines in the microenvironment of the MSC niche are critical for MSC lineage commitment,^[@bib17],\ [@bib18]^ it is possible that the reversion of MSC immunosuppression by IFNα is due to inducing MSC differentiation. To test this possibility, we treated MSCs with IFNγ and TNFα or IFNγ, TNFα and IFNα for 24 h. Total RNA was collected and the expression of osteoblast marker genes or adipocyte marker genes was quantitated by real-time PCR. We found that the expression levels of osteoblast markers alpha-1 type I collagen (COL1A1), Osterix, Runx2 and adipocyte markers C/EBPβ, Leptin and Adiponectin were not affected by IFNα ([Supplementary Figure S1A](#sup1){ref-type="supplementary-material"}). To further confirm this observation, we stained osteoblasts or adipocytes with Alizarin Red S or Oil Red O after treated with IFNα for 72 h. Our results showed that IFNα alone or together with IFNγ and TNFα did not significantly promote osteogenic differentiation or adipogenic differentiation of MSCs at 72 h ([Supplementary Figure S1B](#sup1){ref-type="supplementary-material"}). Therefore, lineage differentiation was not involved in the reversion of MSC immunosuppression by IFNα.

IFNα inhibits IFNγ and TNFα-induced iNOS expression in MSCs
-----------------------------------------------------------

As NO is the key effector molecule of mouse MSC-mediated immunosuppression,^[@bib5]^ we examined the production of NO by MSCs in the supernatant of the coculture system by quantifying nitrate concentration. We found that IFNα effectively inhibited NO production ([Figure 4a](#fig4){ref-type="fig"}). To test whether MSC-IFNα cells are responsive to NO induction, MSC-IFNα was cultured with IFNγ and TNFα and total protein and supernatant were collected. Compared with MSC-GFP, MSC-IFNα expressed significantly less iNOS and produced less NO in the presence of IFNγ and TNFα ([Figures 4b and c](#fig4){ref-type="fig"}). On the contrary, iNOS and NO were dramatically reduced in MSC-GFP when stimulated with IFNα in addition to IFNγ and TNFα ([Figures 4b and c](#fig4){ref-type="fig"}). To verify these results, recombinant IFNα was included in the culture medium in addition to IFNγ and TNFα. The addition of IFNα dramatically inhibited the expression of iNOS at the mRNA level and almost completely at the protein level ([Figures 4d--f](#fig4){ref-type="fig"}). We also determined whether IFNα inhibits iNOS expression by bone marrow-derived macrophages. We found that IFNα induced iNOS expression by macrophages in the presence of TNFα ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}), which was consistent with the observation in [Figure 2a](#fig2){ref-type="fig"} and previous reports.^[@bib19]^ Furthermore, IFNα did not inhibit IFNγ and TNFα-induced iNOS expression by macrophages ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). These results demonstrated that IFNα inhibited IFNγ and TNFα-induced iNOS expression in MSCs but not in macrophages.

IFNα does not affect the production of cytokines or chemokines by MSCs activated by IFNγ and TNFα
-------------------------------------------------------------------------------------------------

As IFNα can inhibit inflammatory cytokine-induced NO production in MSCs, we investigated whether it can also affect the expression of cytokines and chemokines. This is important because we have reported that chemokines are critically involved in MSC-mediated immunosuppression through recruiting immune cells to the vicinity of MSCs, so that labile NO could effectively inhibit the proliferation and functions of the immune cells.^[@bib5]^ We employed microbead-based multiplex assay as previously described.^[@bib20]^ Surprisingly, none of the cytokines or chemokines that are induced by IFNγ and TNFα was affected by IFNα, except some upregulation of IL-6 ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). Thus, the effect of IFNα on MSCs in an inflammatory microenvironment is exerted through downregulation of NO production.

IFNα promotes the switch from Stat1 homodimers to Stat1-Stat2 heterodimers
--------------------------------------------------------------------------

Type I and type II IFNs have been shown to have many overlapping biological functions such as their antiviral activities and induction of the expression of major histocompatibility molecules.^[@bib3]^ Interestingly, a recent study demonstrated that IFNα and IFNβ inhibit IFNγ-mediated macrophage activation through downregulating IFNγ receptors.^[@bib21]^ Although this is unlikely to be true for MSCs, considering our observation that IFNα could increase the expression of IL-6 induced by IFNγ and TNFα, we performed a microarray analysis. Our data showed that the expression of IFNγ receptors was not affected by IFNα in MSCs, with or without stimulation of IFNγ and TNFα ([Supplementary Figure S4A](#sup1){ref-type="supplementary-material"}). Consistent with previous reports, the expression of MHC class I molecules H2-D1 and H2-K1 could be further increased by IFNα. In addition, no changes in IFNγ receptors were observed by flow-cytometric analysis ([Supplementary Figure S4B](#sup1){ref-type="supplementary-material"}). Therefore, the anti-tumor effect of type I IFNs is not exerted through altering the expression of IFNγ receptors.

It has been demonstrated that iNOS expression is regulated by the Stat1 and NF-κB signaling pathways.^[@bib19],\ [@bib22],\ [@bib23]^ One possible mechanism of IFNα-mediated inhibition of iNOS expression is by affecting TNFα-mediated NF-κB signaling. As the phosphorylation and degradation of IκBα is required for NF-κB nuclear translocation,^[@bib24]^ we examined the expression pattern and phosphorylation level of IκBα by western blotting analysis. We found that the IκBα levels and phosphorylation in IFNγ and TNFα-stimulated MSCs were not affected by IFNα ([Supplementary Figure S5A](#sup1){ref-type="supplementary-material"}). We also examined the nuclear distribution of NF-κB and found that addition of IFNα did not change the distribution of phosphorylated p65 in nuclei after IFNγ and TNFα stimulation ([Supplementary Figure S5B](#sup1){ref-type="supplementary-material"}). In addition, we further assessed the DNA binding activity of NF-κB using sequence-specific oligonucleotide agarose beads.^[@bib25]^ Again, IFNα did not significantly affect the binding activity of p65 ([Supplementary Figure S5C](#sup1){ref-type="supplementary-material"}). Therefore, the NF-κB signaling pathway is not involved in IFNα-mediated inhibition of iNOS expression.

The other mechanism through which IFNα inhibits iNOS expression is through Stat1 signaling. We first examined the phosphorylation of Stat1 but found it also does not decrease upon IFNα treatment in the presence of IFNγ and TNFα ([Figure 5a](#fig5){ref-type="fig"}). IFNγ induces tyrosine phosphorylation of Stat1 and promotes the formation of Stat1 homodimers (gamma-activated factor).^[@bib2]^ It has been shown that the binding of Stat1 homodimers to gamma-activated sequences (GAS) in the iNOS gene promoter is necessary for iNOS expression.^[@bib23],\ [@bib26]^ However, IFNα mainly promotes the formation of Stat1-Stat2 heterodimers (interact with IRF9 to form heterotrimeric complex interferon-stimulated gene factor 3, or ISGF3), and forms Stat1 homodimers to a minor extent.^[@bib2],\ [@bib27]^ ISGF3 initiates transcription by specifically binding to IFN-stimulated response element. It is possible that IFNα-induced Stat1 heterodimers compete with Stat1 homodimers for phosphorylated Stat1 and inhibit the Stat1 binding to GAS sites of iNOS promoter.^[@bib28]^ Therefore, we checked the effect of IFNα on the formation of Stat1-Stat2 heterodimers. Co-immunoprecipitation results showed that IFNα increased the formation of Stat1-Stat2 heterodimers ([Figures 5b and c](#fig5){ref-type="fig"}). As the level of Stat1 phosphorylation was not significantly altered by IFNα, it indicated that the formation of Stat1 homodimers was inhibited after IFNα treatment. These data demonstrated that IFNα-induced formation of Stat1-Stat2 heterodimers competes with the formation of Stat1 homodimers and may affect the binding activity of Stat1 homodimers to iNOS promoter.

IFNα inhibits NO production via decreasing the binding of Stat1 to iNOS promoter
--------------------------------------------------------------------------------

To further define the mechanism of IFNα-induced iNOS inhibition, we detected the DNA binding activity of Stat1 homodimers by GAS-containing oligonucleotide agarose beads. At different time points, we found that the DNA binding activity of Stat1 homodimers was induced by IFNγ and TNFα however, further addition of IFNα significantly inhibited the binding activity ([Figure 6a](#fig6){ref-type="fig"}). This observation could be explained by the decreased formation of Stat1 homodimers after IFNα treatment. To further verify this observation, we employed a luciferase reporter plasmid that contains GAS sites within the SIE (c-sis inducible element) as reported.^[@bib25]^ MSCs transfected with SIE-luciferase reporter were cultured with various combinations of IFNγ, TNFα or IFNα. The transcription activity of Stat1 was quantified by luciferase assay at 6, 12 and 24 h. Consistent with the results of the GAS-containing oligonucleotide agarose beads affinity precipitation assay, the IFNγ-induced luciferase activity was slightly inhibited by IFNα starting at 6 h and significantly inhibited at 12 and 24 h ([Figure 6b](#fig6){ref-type="fig"}). This IFNα-mediated inhibition of luciferase activity was also examined for correlation with iNOS expression. We found that the inhibition in iNOS mRNA expression also started at 6 h. However, consistent with results in [Supplementary Figure S3](#sup1){ref-type="supplementary-material"}, the expression of IL-6 was not inhibited by IFNα, indicating that IFNα-induced iNOS inhibition is gene-specific rather than a systemic effect ([Figure 6c](#fig6){ref-type="fig"}).

To provide direct evidence that IFNα inhibits the binding of Stat1 homodimers to the GAS sites of iNOS promoter, we performed the chromatin immunoprecipitation (ChIP) assay. We found that the binding of Stat1 to iNOS promoter was significantly decreased upon the addition of IFNα, while its binding activity to Ccl5, another gene known to be activated by both IFNγ and IFNα, was not affected ([Figure 6d](#fig6){ref-type="fig"}). There only exists GAS sites but not IFN-stimulated response element sites in the iNOS promoter.^[@bib23],\ [@bib26]^ However, there are both GAS sites and IFN-stimulated response element sites in the Ccl5 promoter.^[@bib27],\ [@bib29]^ We have shown that IFNα dominantly induces Stat1-Stat2 heterodimers, which compete with IFNγ-induced Stat1 homodimers for phosphorylated Stat1 and suppress the transcription activity of GAS-containing promoters. The difference between iNOS and Ccl5 of the transcription factor binding sites in promoters may explain the variation of regulatory effects by IFNα. On the other hand, the binding of NF-κB to the promoters of either iNOS or Ccl5 was not affected by IFNα treatment ([Figure 6e](#fig6){ref-type="fig"}). Therefore, IFNα-induced switch from Stat1 homodimers to Stat1-Stat2 heterodimers explains the impaired binding of Stat1 to iNOS promoter and the inhibition of NO production in MSCs.

Discussion
==========

MSCs hold great promise for clinical applications in the treatment of various diseases based on their multi-lineage differentiation potential and immunosuppressive properties. MSCs have also been reported to migrate to tumors. Owing to this tumor tropism property, MSCs have been engineered to express anti-tumor factors (including type I IFN, TNF-related apoptosis-inducing ligand and interleukin-12), and engineered MSCs have shown dramatic anti-tumor effects.^[@bib30],\ [@bib31],\ [@bib32]^ However, in the tumor microenvironment, the potent immunosuppressive effects of MSCs also promote tumor progression. Therefore, detailed mechanistic investigations, especially on the immunosuppressive property of MSCs, are expected to accelerate the development of these novel anti-tumor strategies. In this study, we examined the mechanism of IFNα-mediated anti-tumor activities. We found that IFNα-secreting MSCs could reverse the immunosuppressive effect of MSCs through inhibiting Stat1 binding to the iNOS promoter. Thus, our study provides novel insights of the anti-tumor activity of IFNα-secreting MSCs.

Our previous study demonstrated that IFNγ is required for the production of NO by MSCs.^[@bib5]^ As it has been shown that the NF-κB and Stat1 signaling pathways are required for the induction of iNOS expression, we performed detailed analysis of the effect of IFNα on these signaling processes. We found that activation of the NF-κB pathway, as monitored by either IκBα or phosphor-p65 levels, was not affected by IFNα. Although Stat1 phosphorylation was not inhibited by IFNα treatment, the binding of Stat1 homodimers to iNOS promoter was inhibited. Stat1 activates iNOS transcription through acting as homodimers. Importantly, IFNα mainly promotes the formation of Stat1-Stat2 heterodimers, and forms Stat1 homodimers to a minor extent. Therefore, IFNα-induced Stat1-Stat2 heterodimers compete with Stat1 homodimers and inhibit the binding activity of Stat1 to iNOS promoter in MSCs. On the other hand, the possibility that an unidentified gene product was involved in IFNα-induced NO inhibition still exist. It may affect the binding activity of Stat1 homodimers to GAS sites and inhibit iNOS transcription. In addition, modifications of Stat1, such as acetylation^[@bib33],\ [@bib34],\ [@bib35]^ and methylation,^[@bib36]^ may also regulate the binding activity of Stat1 to iNOS promoter. Therefore, further studies are needed to decipher the inter-regulation of type I and type II IFN signaling in MSCs.

The cell-type specificity of IFNα-mediated iNOS inhibition is also very interesting. In addition to Stat1 homodimers and NF-κB, other transcription factors have also been reported to be involved in the regulation of iNOS transcription, such as AP-1 and C/EBPβ.^[@bib37],\ [@bib38]^ Therefore, the different activation status of related signaling pathways between MSCs and macrophages can be a reason for the cell type-specific regulation of iNOS by IFNα. Indeed, our data showed that IFNγ alone is sufficient to induce iNOS expression in bone marrow-derived macrophages. Although IFNα alone did not effectively induce iNOS expression in macrophages, it gained this property in the presence of TNFα ([Figure 2a](#fig2){ref-type="fig"} and [Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). These data clearly demonstrated that the activation status of transcription factors required for iNOS transcription is different between MSCs and macrophages. Notably, type I IFNs have been reported to activate p38 MAP kinase, which further activates AP-1.^[@bib39],\ [@bib40],\ [@bib41],\ [@bib42]^ It is possible that the expression or regulation of AP-1 is different in different types of cells, which result in the cell type-specific control of iNOS transcription. Similarly, the status of C/EBPβ and other transcription factors involved in the regulation of iNOS expression may also be different between MSCs and macrophages. Moreover, different epigenetic modifications of iNOS promoter between MSCs and macrophages may also be a reason for its cell type-specific regulation.^[@bib43],\ [@bib44],\ [@bib45]^ More efforts are needed to address the cell type-specific regulation of type I and type II IFNs.

For the last decade, the immunosuppressive properties of MSCs have attracted intensive studies due to their potential clinical applications for immune-related diseases. MSCs have been showed to possess significant therapeutic effects in numerous animal disease models (including graft-versus-host disease, experimental autoimmune encephalomyelitis, inflammatory bowel disease and diabetes) and in clinical settings (including graft-versus-host disease, Crohn\'s disease and systemic lupus erythematosus), mediated through regulation of immune responses.^[@bib46]^ Our previous studies showed that NO and chemokines are key factors for the immunosuppressive effect of mouse MSCs. The amount of NO is critical for the immunosuppressive capacity of MSCs.^[@bib8],\ [@bib15]^ Immunosuppressive capabilities of tumor-infiltrated MSCs counteract anti-tumor immunity within the tumor microenvironment and thus promote tumor growth.^[@bib12]^ Studies have shown that MSCs primed with inflammatory cytokines lead to a strong therapeutic effect on ConA-induced acute hepatitis.^[@bib8]^ On the other hand, our laboratory has demonstrated that iNOS-deficient MSCs could inhibit tumor growth through promoting immunity in a chemokine-dependent manner.^[@bib6]^ We also found that IFNα inhibits NO production, but not that of chemokines we tested ([Figures 4e and f](#fig4){ref-type="fig"} and [Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). Thus, not surprisingly, IFNα enhanced splenocyte proliferation ([Figures 3a and b](#fig3){ref-type="fig"}) and IFNα-primed MSCs inhibited tumor growth significantly ([Figure 1c](#fig1){ref-type="fig"}). Therefore, in the presence of IFNα, the absence of NO allows the chemokine-producing MSCs to enhance immune responses and exert anti-tumor effects.

Their tumor tropism, low immunogenicity and easy expansion make MSCs an ideal delivery vehicle for anti-tumor factors.^[@bib47]^ However, the exact effect of MSCs on tumor growth is still not fully understood. Some studies demonstrated that MSCs promote tumor growth mainly through their immunosuppressive effect;^[@bib12],\ [@bib48],\ [@bib49],\ [@bib50]^ while others showed that MSCs showed no effect on tumor growth.^[@bib51],\ [@bib52],\ [@bib53],\ [@bib54]^ These variations in the outcomes could be due to tumor models employed, source of MSCs, MSC administration routes and schedules, and the dose of MSCs given. In this study, we co-injected IFNα-secreting MSCs together with B16F0 melanoma cells and demonstrated a strong anti-tumor effect. We also administered IFNα-primed MSCs to B16 tumor bearing mice and found that these primed MSCs lost NO producing ability and inhibited tumor growth significantly. To better mimic the properties of tumor microenvironment, lymphoma-derived MSCs^[@bib12]^ were also studied, and we showed that IFNα could also inhibit NO production by lymphoma-derived MSCs ([Supplementary Figure S6](#sup1){ref-type="supplementary-material"}). Our study indicates that IFNα can exert its anti-tumor effects through altering the immune status of the tumor microenvironment.

In summary, we demonstrated that, in addition to the established anti-tumor effect, IFNα could also promote anti-tumor immunity through abolishing immunosuppressive effect of MSCs. Additionally, MSCs can also be used as a delivery vehicle to provide sustained IFNα to the tumor microenvironment for tumor therapy. Further investigations to finetune this system will lead to better clinical strategies for MSC-based tumor therapy.

Materials and methods
=====================

Mice
----

C57BL/6 and NOD-SCID mice were purchased from the SLAC Laboratory Animal of Chinese Academy of Science (Shanghai, China). Mice were housed in specific pathogen-free facility of Shanghai Jiao Tong University School of Medicine. Animals were matched for age and gender in each experiment. All studies were approved by the Institutional Animal Care and Use Committee of the Institute of Health Sciences, Shanghai Institutes for Biological Sciences of Chinese Academy of Sciences.

Reagents
--------

The following antibodies were used in flow cytometry: PE anti-mouse H-2K^b^/H-2D^b^, PE anti-mouse IFNγR β chain (Biolegend, San Diego, CA, USA) and PE anti-mouse CD119 (IFNγ Receptor 1) (eBioscience, San Diego, CA, USA). Antibodies used in western blotting analysis were iNOS, pTyr701-Stat1, total Stat1, total Stat2, pSer536-p65, total p65 pSer32-IκBα, total IκBα, β-actin, GAPDH (Cell Signaling Technology, Danvers, MA, USA); pTyr690-Stat2 (Abcam, Cambridge, MA, USA) and LaminB (Epitomics, Burlingame, CA, USA). Recombinant mouse IFNα, IFNβ, IFNγ and TNFα were from R&D Systems (Minneapolis, MN, USA). [l]{.smallcaps}-NMMA was from Sigma-Aldrich (St Louis, MO, USA).

Cells
-----

MSCs were derived from tibia and femur bone marrow of 6- to 8-week-old mice according to a protocol previously described in our laboratory.^[@bib5],\ [@bib55]^ MSC-GFP and MSC-IFNα cells were derived by transducing with lentivirus encoding green fluorescent protein alone or together with IFNα as previously described.^[@bib14]^ The production and function of IFNα was examined by ELISA or detecting H-2K^b^ expression in MSCs.^[@bib14]^

Proliferation assay
-------------------

Fresh splenocytes were derived from 6- to 8-week-old C57BL/6 mice. MSCs were cocultured with splenocytes activated with anti-CD3 and anti-CD28 in RPMI-1640 medium. Cell proliferation was assayed by uptake of ^3^H-thymidine (^3^H-Tdr; Shanghai Institute of Applied Physics, Chinese Academy of Sciences, Shanghai, China). ^3^H-thymidine (0.5 mCi) was added to examine the cell proliferation at 42 h. Six hours later, the coculture was terminated by freezing. Incorporated ^3^H-Tdr was determined using a Wallac Microbeta scintillation counter (Perkin-Elmer, Waltham, MA, USA).

Detection of cytokines and NO in supernatants
---------------------------------------------

The levels of cytokine and chemokines in supernatants were determined by multiplexed bead immunoassay using the Luminex Technology (Bio-Plex, Bio-Rad Laboratories, Hercules, CA, USA). NO was detected using a modified Griess reagent (Sigma-Aldrich). Briefly, the mixture of supernatants (50 μl) and Griess reagent (50 μl) was incubated for 15 min in the dark at room temperature, the plate was read at 540 nm and nitrate concentrations were calculated.

Western blotting analysis
-------------------------

Total protein was extracted from the cell pellet with RIPA lysis buffer (Upstate, Charlottesville, VA, USA). Nuclear proteins were extracted by NE-PER Nuclear and Cytoplasmic Extraction Reagents from Thermo (Waltham, MA, USA). The proteins were boiled in SDS sample buffer for 10 min. The lysates were separated by polyacrylamide gel electrophoresis and transferred onto a 0.45-μm polyvinylidene fluoride blotting membrane (Whatman Inc., Clifton, NJ, USA). The membrane was then incubated at room temperature in a blocking solution composed of 5% skimmed milk powder dissolved in TBST (0.05% Tween-20, 10 m[m]{.smallcaps} Tris, pH 8.0 and 140 m[m]{.smallcaps} NaCl) for 1 h followed by incubation with the primary antibodies overnight at 4 °C. The membrane was washed three times in TBST (5 min each), then incubated with horseradish peroxidase-conjugated secondary antibody in the blocking solution. The blot was then exposed by ECL (Pierce, Rockford, IL, USA) after another three washes in TBST.

The binding activity of p65 and Stat1 homodimers was determined using NF-κB-specific or GAS-containing oligonucleotide agarose beads (Santa Cruz Biotechnology, SantaCruz, CA, USA). Total proteins were used for the precipitation assay according to the instruction.

For the co-immunoprecipitation assay, cells were lysed in lysis buffer containing Triton X-100, protease inhibitors, PMSF, Na~3~VO~4~ and NaF for 30 min on ice. Lysates were clarified by centrifugation at 14 000 *g* for 10 min. Supernatant was incubated with primary antibody with gentle rocking overnight at 4 °C. Protein A sepharose beads were added to the mixture and incubated with gentle rocking for additional 2 h at 4 °C. After washing five times with lysis buffer, beads were suspended and analyzed by western blotting analysis.

Mouse melanoma model
--------------------

B16F0 mouse melanoma cells were expanded in complete Dulbecco\'s modified Eagle\'s medium (high glucose) *in vitro*. Each mouse was inoculated with B16F0 cells (1 × 10^6^ in 25 μl PBS) intramuscularly on the left thigh, with or without co-injection of MSCs as indicated. Mice were observed daily and killed when tumor burden began to significantly affect mobility. The tumors were then excised and weighed.

Real-time PCR
-------------

Total RNA was isolated from cell pellets using an RNAprep pure Cell/Bacteria Kit (Tiangen Biotech, Beijing, China). First-strand cDNA synthesis was performed using the 1st strand cDNA Synthesizing Kit with random hexamer primers (Tiangen Biotech). Genes of interest were quantitated by real-time PCR. The mRNA levels of genes of interest were measured by real-time PCR (7900 HT by Applied Biosystems, Foster City, CA, USA) using SYBR Green Master Mix (TaKaRa Biotech, Dalian, China). Total amount of mRNA was normalized to endogenous β-actin mRNA. Sequences of PCR primer pairs were as follows: mouse IL-6, forward 5′-AGATAAGCTGGAGTCACAGAAGGAG-3′ and reverse 5′-CGCACTAGGTTTGCCGAGTAG-3′ mouse iNOS, forward 5′-CAGCTGGGCTGTACAAACCTT-3′ and reverse 5′-CATTGGAAGTGAAGCGTTTCG-3′ mouse β-actin, forward 5′-TTCCAGCCTTCCTTCTTGGG-3′ and reverse 5′-TGTTGGCATAGAGGTCTTTACGG-3′.

Flow-cytometry analysis
-----------------------

Cells were harvested and washed once with PBS. The cell pellets were then suspended in staining buffer (PBS, 3% FCS, 0.01% NaN~3~) at a concentration of 1 × 10^7^ cells/ml. Cell suspension (100 μl) was incubated for 30 min on ice with either directly conjugated antibodies or biotinylated antibodies followed by streptavidin-PE for an additional 30 min on ice after washing. Cells were then washed with the staining buffer. The samples were subjected to flow-cytometric analysis using an FACSCalibur flow cytometer (Becton Dickinson, San Jose, CA, USA). FlowJo software was used for data analysis.

ChIP and real-time PCR detection
--------------------------------

Chromatin from MSCs was crosslinked by formaldehyde treatment and immunoprecipitated using a Pierce Agarose ChIP kit (Thermo Fisher Scientific, Rockford, IL, USA). Purified chromatin (10 μg) was normalized to input and immunoprecipitated using 6 μg of NF-κB p65 antibody (Abcam), Stat1 antibody at 1:50 (Cell Signaling Technology) or 1 μl of rabbit IgG control. Immunoprecipitated DNA was subjected to quantitative PCR to determine the enrichment of Stat1 homodimers and NF-κB binding to respective promoters, and results were normalized to control group. Primers used for quantitative PCR were as follows: binding of Stat1 homodimers to mouse iNOS promoter, forward 5′-GGCACCATCTAACCTCAC-3′ and reverse 5′-CAGCACGTAGTCACTTCA-3′ NF-κB binding to mouse iNOS promoter, forward 5′- TGAGGATACACCACAGAGT-3′ and reverse 5′-GTGCAAGTTAGCTCATTCAT-3′ binding of Stat1 homodimers to mouse Ccl5 promoter, forward 5′-TATAGGGAGCCAGGGTAGCA-3′ and reverse 5′-GCAACAAGTGTTTGGTGTCTTT-3′ NF-κB binding to mouse Ccl5 promoter, forward 5′-AGCCAGGGTAGCAGAGGAA-3′ and reverse 5′-ATGACAGCAACAAGTGTTTGGT-3′.

Statistical analysis
--------------------

The GraphPad Prism 6 software (GraphPad Software, Inc., San Diego, CA, USA) was used for the statistical analyses. Statistical significance was assessed by unpaired two-tailed Student\'s *t*-test.
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![IFNα and MSCs synergistically inhibit tumor growth. (**a**, **b**) B16F0 melanoma cells (1 × 10^6^/25 μl) with or without IFNα (5 μg), MSC-GFP or MSC-IFNα (1 × 10^6^/25 μl) were inoculated into C57BL/6 mice (**a**) or NOD-SCID mice (**b**) intramuscularly. After 12 days, tumors were excised and weighed. (**c**) MSCs were primed with IFNα for 24 h, and then cytokines were washed away. C57BL/6 mice were intramuscularly co-injected with IFNα-primed MSCs (1 × 10^6^/thigh) and B16F0 melanoma cells (1 × 10^6^/thigh). After 14 days, mice were killed and tumors were excised and weighed. All values represent means±s.d. Experiments were repeated at least twice. ns, not significant; \**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001; \*\*\*\**P*\<0.0001.](onc2016128f1){#fig1}

![IFNα could not induce NO production by MSCs. (**a**) MSCs and bone marrow-derived macrophages were cultured in various combinations of TNFα (10 ng/ml), IFNγ (10 ng/ml) or IFNα (2500 U/ml) for 24 h. The supernatants were collected and nitrate concentration was determined by a modified Griess reagent. Values are means±s.d. of four wells from a representative of three independent experiments. (**b**) MSCs were stimulated with IFNγ (10 ng/ml), IFNα (2500 U/ml) or IFNβ (2500 U/ml) for 12 h. K^b^D^b^ expression was detected by flow-cytometry analysis. (**c**) MSCs were cultured as described in (**a**). The expression of Stat1, pTyr701-Stat1 and iNOS was examined by western blotting analysis. Experiments in (**b**) and (**c**) were repeated at least twice.](onc2016128f2){#fig2}

![Type I IFNs reverse the immunosuppression of MSCs. (**a**) MSCs were cocultured with fresh splenocytes plus anti-CD3 and anti-CD28 with or without [l]{.smallcaps}-NMMA (1 m[m]{.smallcaps}) or IFNα (2500 U/ml) for 48 h. Cell proliferation was evaluated by ^3^H-Tdr incorporation assay. (**b**, **c**) MSCs were plated at different concentrations and coculture with fresh splenocytes (1 × 10^6^/well) plus anti-CD3 and anti-CD28. Cell proliferation was assayed after 48 h. Proliferation values are means±s.d. of four wells from a representative of two independent experiments. \*\**P*\<0.01.](onc2016128f3){#fig3}

![IFNα inhibits NO production by MSCs. (**a**) Supernatants from [Figure 3a](#fig3){ref-type="fig"} were collected for determining the concentration of nitrate. (**b,** **c**) MSC-IFNα and MSC-GFP were stimulated with combinations of IFNγ, TNFα and IFNα for 24 h. Total protein and supernatant were collected. The expression of pTyr701-Stat1 and iNOS was examined by western blotting analysis (**b**). Nitrate concentration was determined by Griess assay (**c**). (**d**--**f**) MSCs were stimulated with various combinations of IFNγ (10 ng/ml), TNFα (10 ng/ml) and IFNα (2500 U/ml) for 24 h. Total RNA (**d**, *n*=3), protein (**e**) and supernatants (**f**) were collected. Nitrate concentration and iNOS expression were determined. Nitrate values are means±s.d. of four wells from a representative of at least three independent experiments. \**P*\<0.05.](onc2016128f4){#fig4}

![IFNα promotes the switch from Stat1 homodimers to Stat1-Stat2 heterodimers. (**a**) MSCs were stimulated with combinations of IFNγ, TNFα and IFNα for 24 h. Total protein was collected and the expression of pTyr701-Stat1 and iNOS was examined by western blotting analysis. (**b**) MSCs were treated as in (**a**) for 6 h and total protein was collected. Stat2 antibody was used in the co-immunoprecipitation assay to determine the IFNα-induced Stat1-Stat2 heterodimer formation. (**c**) MSCs were treated as in (**b**) for 6 h and Stat1 antibody was used to perform the co-immunoprecipitation (Co-IP) assay. All experiments were repeated twice.](onc2016128f5){#fig5}

![IFNα inhibits NO production via decreasing the binding activity of Stat1 homodimers to iNOS promoter. (**a**) MSCs were stimulated as previously for 30 min or 12 h. Total proteins were collected. Stat1 was precipitated by sequence-specific oligonucleotide agarose beads. The precipitants were determined by western blotting analysis. Total proteins were inputs. (**b**) MSCs were transfected with 2 × SIE-luciferase plasmids (Stat1 transcription activity reporter plasmid). Transfected MSCs were stimulated with various combinations of IFNγ, TNFα and IFNα for indicated time and analyzed by luciferase assay kit. Luciferase activity was measured as relative light units (RLU). (**c**) MSCs were treated with IFNγ and TNFα or IFNγ, TNFα and IFNα for indicated time and total RNA was collected. The expression pattern of IL-6 and iNOS was determined by real-time PCR. (**d**, **e**) MSCs were treated with IFNγ and TNFα or IFNγ, TNFα and IFNα for 12 h and chromatin was immunoprecipitated for ChIP assay following the manufacturer\'s instructions. The enrichment of Stat1 homodimers (**d**) and NF-κB (**e**) binding to respective promoters was determined by real-time PCR (relative to PBS control). Values are mean±s.d. of three replicates. All experiments were repeated at least twice. ns, not significant; \**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001.](onc2016128f6){#fig6}
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